A translational need exists to understand and predict vancomycin-induced kidney toxicity. We describe: (i) a vancomycin high-performance liquid chromatography (HPLC) method for rat plasma and kidney tissue homogenate; (ii) a rat pharmacokinetic (PK) study to demonstrate utility; and (iii) a catheter retention study to enable future preclinical studies. Rat plasma and pup kidney tissue homogenate were analyzed via HPLC for vancomycin concentrations ranging from 3-75 and 15.1-75.5 μg/mL, respectively, using a Kinetex Biphenyl column and gradient elution of water with 0.1% formic acid: acetonitrile (70:30 v/v). Sprague-Dawley rats (n = 10) receiving 150 mg/kg of vancomycin intraperitoneally had plasma sampled for PK. Finally, a catheter retention study was performed on polyurethane catheters to assess adsorption. Precision was <6.1% for all intra-assay and interassay HPLC measurements, with >96.3% analyte recovery. A two-compartment model fit the data well, facilitating PK exposure estimates. Finally, vancomycin was heterogeneously retained by polyurethane catheters. Clin Transl Sci (2017) 10, 496-502; doi:10.1111/cts.12484; published online on 4 July 2017.
could be used for simultaneous dosing and sampling of vancomycin. WHAT THIS STUDY ADDS TO OUR KNOWLEDGE ✔ A simple, accurate, and precise HPLC methodology for assay for vancomycin in rat plasma and kidney tissue homogenate was produced. The plasma assay facilitates assay with small sample volume (i.e., <50 μL). Polyurethane catheters retain vancomycin; hence, dedicated catheters are necessary for plasma sampling and dosing.
HOW THIS MIGHT CHANGE CLINICAL PHARMACOL-OGY OR TRANSLATIONAL SCIENCE
✔ This study enables future translational approaches for preclinical PK studies.
Vancomycin is a guideline-approved, glycopeptide antibiotic that is frequently used as empiric therapy for many infectious syndromes. It is regarded as the drug of choice in the treatment of infections caused by methicillin-resistant Staphylococcus aureus and is the single most commonly utilized antibiotic in the hospital setting. 1 Vancomycin efficacy has been most closely linked with the ratio of the area under the concentration-time curve (AUC) relative to the minimum inhibitory concentration of the infecting organism. 2, 3 To ensure adequate AUCs and optimize dosing, vancomycin dosing guidelines have suggested that clinicians target trough concentrations between 10 and 15 μg/mL for less severe infections and between 15 and 20 μg/mL for more severe (e.g., bacteremia, pneumonia, meningitis, and endocarditis) infections. 3 To achieve these troughs, patients regularly receive total daily vancomycin doses of 15-20 mg/kg every 8-12 h. Although these more aggressive clinical dosing strategies have been associated with improved efficacy, 4 increasing rates of acute kidney injury have also been associated with these dosing schemes. [5] [6] [7] The clinical literature, however, is often retrospective and not able to determine the exact exposure of vancomycin that triggers kidney injury. Complicating the understanding, clinical dosing results in homogenous exposure profiles, and patient comorbidities impact the ability to identify the true toxicodynamic relationship. Thus, there is a renewed interest in controlled laboratory experiments (e.g., animal models) to best discern mechanistic links between pharmacokinetic (PK) exposures and toxicodynamic outcomes. [8] [9] [10] [11] [12] Additionally, there are limited data on toxicity of vancomycin in utero, 13 and these analyses were performed before sensitive biomarkers of vancomycin toxicity were available for study.
The purpose of this research was threefold: (i) to develop a simple, accurate, and precise method of measuring vancomycin concentrations in both small-volume rat plasma and rat pup kidney tissue homogenate (KTH) via highperformance liquid chromatography (HPLC); (ii) to demonstrated the utility of the assay for estimation of individual animal exposures in a richly sampled rat PK study; and (iii) to determine if vancomycin is retained by polyurethane catheters to best identify the study methods required for future intravenous studies.
METHODS

Chemicals and reagents
For HPLC analysis, vancomycin hydrochloride USP (VHCl) was obtained commercially (Enzo Life Science, San Jose CA) and demonstrated a purity of 99.3%. Caffeine (CA; Alfa Aesar, Ward Hill, MA; purity of 99.7%), acetonitrile, and methanol were purchased from VWR International (Radnor, PA). Formic acid was obtained from Fisher Scientific (Waltham, MA). All solvents used were of HPLC or liquid chromatography tandem mass spectrometry (LC/MS/MS) grade. Clinical grade vancomycin was utilized for animal studies and catheter retention studies (Hospira, Lake Forest, IL). Frozen, nonmedicated, nonimmunized, pooled plasma (anticoagulated with disodium EDTA) from Sprague Dawley rats was procured (BioreclamationIVT, Westbury, NY). Plasma was stored at −80°C until the time of use when it was transferred to −20°C and ultimately thawed in ambient laboratory conditions.
ASSAY Calibration curve in rat plasma
Stock solutions of VHCl and caffeine (CA) were prepared by accurately weighing and transferring a known quantity of each drug into separate volumetric flasks. Both drugs were dissolved in a mixture of methanol:water (1:1). The CA was used as an internal standard as it was found to be stable with formic acid sample treatment and identifiable within the run time for vancomycin.
14 VHCl stock solution was prepared to a final concentration of 1.5 mg/mL. The VHCl was diluted in methanol and was added to rat plasma (40 μL) so as to obtain concentrations of 3, 7.5, 15, 30, 60, and 75 μg/mL and a final volume of 50 μL. The CA was prepared to a final concentration of 1 mg/mL, further diluted in methanol, and added to obtain a concentration of 10 μg/mL. Each standard concentration was mixed with 240 μL of 0.1% formic acid in methanol and centrifuged in Phree phospholipid removal tubes (Phenomenex, Torrence, CA) at 6600 g for 15 min at 4°C. The resultant solution was filtered through 0.2-micron syringe filters (Macherey Nagel, Bethlehem, PA). The filtrates were then analyzed using the HPLC.
Calibration curve in rat KTH
The rat kidneys were prepared by ultrasonic homogenization. The kidneys were homogenized with water in a 1:3 w:w ratio using a Model 60 Sonic Dismembrator output (Fisher Scientific, Hampton, NH) at 50% power for 3-5 min, until a homogenous solution was obtained. Stock solutions of VHCl and CA were prepared as previously described. VHCl was added to rat KTH (40 μL) so as to obtain concentrations of 15, 30, 45, 60 , and 75 μg/mL. The CA was added to rat KTH to obtain a concentration 10 μg/mL. Each standard concentration was mixed with 240 μL of 0.1% FA in methanol and centrifuged in Phree phospholipid removal tubes (Phenomenex) at 6600 g for 15 min at 4°C. The resultant solution was filtered through 0.2-micron syringe filters (Macherey Nagel). The filtrates were then analyzed using the HPLC.
HPLC methods
An Agilent 1260 series HPLC system (Agilent Technologies, Germany) was used for both spiked plasma and spiked rat KTH with unknowns, using the following equipment and settings. A Kinetex Biphenyl analytical column was used (2.6 μm, 100 A, 50 × 3 mm, Part # 00B-4622-Y0, Phenomenex) with a preceding UHPLC guard column (3-mm ID; Phenomenex). Samples were maintained at 4°C. Column temperature was maintained at 25°C. A gradient method was used to separate the analyte. Gradient composition and run times are provided in Table 1 . The mobile phase flow rate was set at 0.5 mL/min. Eluents were analyzed at wavelengths of 198, 220, 230, and 240 nm. Lambda max was utilized to select the optimal wavelength. Chromatograms were integrated using Agilent Chemstation software Rev. B.03.01 software (Waldbronn, Germany). The total run time was truncated at 10 min.
Assay validation Specificity
Blank rat plasma and blank rat KTH were prepared as described above and analyzed for the assessment of potential interferences due to endogenous substances.
Linearity
Calibration curves were determined for blank rat plasma and for blank rat KTH, using vancomycin concentrations between 3 μg/mL and 75 μg/mL and 15 μg/mL and 75 μg/mL, respectively. These concentrations were utilized to allow for assessment of therapeutic concentrations without the need to dilute the majority of samples. Peak area ratios comparing VHCl to CA were plotted against nominal concentrations of the solutions, and least-squares linear regression was used to determine the predictive equation.
Precision and accuracy
Intra-assay precision for plasma was measured by analyzing six replicates of each concentration. Interday assay precision was measured by analyzing six replicates after being stored for 24 h at 20°C. KTH intraday and interday calculations were similar but used three replicates per nominal concentration and were individually prepared on separate days. Precision www.cts-journal.com was calculated as the percentage relative standard deviation (%RSD). Accuracy was expressed as the percentage recovery (%RE) and calculated by dividing the measured value by the known concentration multiplied by 100.
Lower limit of quantitation
The lower limit of quantitation (LLOQ) was defined as a value that resulted in a %RSD <20% at the LLOQ and <15% in the other replicates.
15
Catheter retention study to assess adsorption The VHCl was dissolved in normal saline per manufacturer's instructions (Hospira, Lake Forest, IL) to achieve a concentration of 100 mg/mL. Polyurethane catheters 0.037" OD × 0.023" ID (Micro-Renathane; Braintree Scientific, Braintree, MA) were sterilized with ethylene oxide. Then 90 mg (i.e., 0.9 mL) of vancomycin solution was advanced through the proximal end of the catheter over a 2-min period to simulate a slow intravenous push for a 300 gram rat (i.e., 300 mg/kg). The catheter was flushed with 0.25 mL of normal saline. After 2 min, blank rat plasma was drawn through the distal end of the catheter (0.1 mL first to simulate a waste step) using a 1-mL syringe (Nippro, Bridgewater, NJ) and 23-gauge needle (BD, Franklin Lakes, NJ). The needle and syringe were then discarded. With a new syringe/needle, 0.125 mL of blank plasma was similarly drawn and stored at −80°C for batch analysis. Another wash step was performed using 0.25 mL of saline and the catheter was locked with 500 units/mL of a heparin/glycerol mixture using a 22-gauge locking pin and stored at 37°C overnight. The heparin/glycerol solution was withdrawn/discarded after 24 h, and previous steps were repeated to simulate another blood/plasma sample at 24 h. This was completed for 48 h (i.e., 3 sample times), and all experiments were done in triplicate. Plasma samples were thawed and assayed as above for vancomycin. Measured concentrations were compared using one-way analysis of variance with multiple comparisons adjusted with Bonferroni's multiple comparisons test (Graphpad Prism, version 7.0, La Jolla, CA).
Pharmacokinetic study
Ten male Sprague-Dawley rats were subset and selected to illustrate the application of the assay. 9 Rats weighed 250-350 g (Harlan, Indianapolis, IN) and were housed in a temperature, humidity, and light controlled room, as previously described. 9 All procedures and animal care protocols were approved by the Institutional Animal Care and Use Committee at Midwestern University (Downers Grove, IL). All rats received 150 mg/kg/day of vancomycin intraperitoneally as a single daily injection. Rats received 1 day (n = 5) or 3 days (n = 5) of treatment. A rich sampling scheme obtained blood (i.e., 0.25 mL) from a jugular vein catheter using a sterile syringe at the following times: 0 (i.e., predose), 10, 30, 60, 120, 240, and 1,440 min following the final dose. All blood volume removed was replaced with an equal volume of 0.9% normal saline (Abbott Laboratories, North Chicago, IL). Blood was prepared as plasma and stored at −80°C until batch analysis. 9 These studies were approved by the Midwestern Institutional Animal Care and Use Committee and the national guide for the care and use of laboratory animals was followed.
Pharmacokinetic model
Similar to previous efforts, 9,16 a two-compartment PK model was fit to the observed concentration data using the Nonparametric Adaptive Grid algorithm within the Pmetrics package for R (Los Angeles, CA). 17 An absorption term (i.e., K a ), a bioavailability term (Fa), and a peritoneal compartment were included to account for intraperitoneal absorption. Maximum a posteriori mean concentrations were calculated and utilized for determining PK exposure parameters.
RESULTS
Assays
Specificity and sensitivity Among the various wavelengths studied, 198 nm displayed the highest lambda max (data not shown). No significant interfering peaks from endogenous substances in the blank rat plasma and blank rat KTH were observed at the retention time of the analyte or the internal standard, respectively.
Linearity
Calibration curve in blank plasma
A calibration curve in vancomycin-spiked rat plasma with six replicated concentrations demonstrated linearity from 3 to 75 μg/mL ( Table 2) . Average retention times of VHCl and CA in plasma were 4.20 and 5.18 min, respectively (Figure 1) . The mean regression equation for nominal vancomycin concentrations (i.e., "x") to integrated area ratios (i.e., "y") in spiked plasma was found to be y = 0.0043x−0.0088 (R² = 0.9996).
Calibration curve in blank rat KTH
A calibration curve in vancomycin-spiked rat KTH with three replicated concentrations demonstrated linearity from 15.1-75.5 μg/mL ( Table 2) . Average retention times of VHCl and CA in plasma were 4.37 and 5.22 min, respectively (Figure 1b) . The mean regression equation for nominal vancomycin concentrations (i.e., "x") to integrated area ratios (i.e., "y") in spiked KTH was found to be y = 0.006x−0.0342 (R² = 0.9996).
Precision
Rat plasma
Intra-assay precision (%RSD) was found to range between 2.11% and 6.11% ( Table 2) . Interday assay precision (%RSD) ranged from 2.74-5.30%. 
Clinical and Translational Science
Rat KTH
Intra-assay precision (%RSD) was found to range between 0.34% and 3.72% ( Table 2) . Interday assay precision (%RSD) ranged from 0.35-1.47%.
Accuracy
Rat plasma
The %RE of vancomycin were all >97%. The %RE approached or exceeded 100% in the samples both upon immediate HPLC ( Table 2 ) and with HPLC 24 h after, the plasma was spiked with vancomycin.
Rat KTH
The %RE of vancomycin were all >96% ( Table 2 ). The %RE remained constant intraday and interday.
Figure 2
Concentrations observed in simulated blank rat plasma experiment.
As both precision and accuracy met the US Food and Drug Administration standards, the lower limit of detection for VHCl was 3.0 μg/mL in plasma and 15.1 μg/mL in KTH for these methods.
Simulated vancomycin catheter retention study
Vancomycin concentrations were a mean (SD) of 17.9 (23.8), 69.1 (91.2), and 59.4 (77.3) μg/mL at time 0, time 24 h, and time 48 h, respectively (Figure 2) . All but one sample was measurable (i.e., >LLOQ) indicating adsorption, and there was no statistical difference between concentrations at the three time points (P = 0.66) or when comparing any individual time point to any other time point.
Pharmacokinetic study
Observed concentrations for individual rats are shown in Table 3 .
DISCUSSION
Our study describes a simple, accurate, and precise HPLC methodology for assay of vancomycin in both rat plasma and rat KTH. Our method is notable as it allows for utilization of small sample volumes (i.e., 50 μL) within an HPLC methodology and this allows more frequent sampling without compromising host hemodynamics, which could be challenging especially in small animals. We also utilized a biphenyl column as it (i) exhibits retention activity for hydrophilic and aromatic molecules, (ii) functions well for molecules exhibiting hydrophilic and hydrophobic properties, and (iii) is effective with compounds having aromatic character. All of these properties are important for vancomycin and allowed for good and fast separation with acceptable peak symmetry. Additionally, our methodology used a simple phospholipid removal step to facilitate extended column life, which also allowed fewer sample preparation steps as compared with traditional solid phase extraction methods without the need to concentrate samples. We also demonstrated the translational utility of this assay methodology for richly sampled PK studies (i.e., in vivo rat toxicology studies). Large volume samples are not possible in repeated measure small animal studies. The benefits of a richly sampled design are realized in the form of highly accurate individual animal exposures (demonstrated with our Bayesian fitted model (R 2 = 0.98)). The highly accurate estimates of individual animal PK is essential for pairing individual animal outcomes, such as renal histopathology or biomarkers, instead of utilizing only group affects for exposure and outcomes. That is, it is not required to pool rat plasma using our method. Each animal can be treated as an individual that has defined vancomycin PK exposures that can be paired with toxicodynamic (TD) response variables. By doing, so that the power is increased, and the number of animals necessary can be reduced. Finally, we have demonstrated that polyurethane catheters retain vancomycin at variable and high concentrations. High concentrations were observed early, so even short translational studies utilizing intravenous dosing require separate dedicated catheters (or lumens) for dosing and sampling.
Vancomycin is the most frequently utilized antibiotic in the hospital setting, 1 owing to its ubiquity in national treatment guidelines. Consensus guidelines support dosing designed to attain trough concentrations between 15 and 20 μg/mL, 18, 19 and these more aggressive dosing schemes have been associated with improved clinical outcomes. 4, 20 However, clinically targeting trough concentrations of 15-20 μg/mL has led to an increased prevalence of vancomycinassociated renal toxicity. 7, 21 To date, no prospective clinical study to our knowledge has elucidated vancomycin exposures that drive kidney injury. The retrospective literature is unable to determine causality and is plagued by homogenous dosing schemes and patient comorbidities that preclude an understanding of the TD relationship. Thus, there is a renewed interest in controlled laboratory experiments (e.g., animal models) to best discern mechanistic links between PK exposures and TD outcomes.
As such, mechanistic studies are underway in rats in order to understand the proximal determinants of vancomycininduced renal insult and to identify new strategies aimed at mitigating vancomycin nephrotoxicity. [22] [23] [24] [25] [26] [27] [28] [29] These mechanistic pursuits have confirmed a causal link between vancomycin and renal proximal tubule injury; however, exact vancomycin exposures that cause the damage have not yet been clarified. We demonstrated utility of our assay for accurately describing individual animal vancomycin exposures and report plasma PK parameters for vancomycin when given intraperitoneally in a rat model. The highly accurate estimates of individual animal exposures and precise methods of measuring vancomycin concentrations in various matrices are needed to advance the understanding of drug-exposure toxicity relationships. Other researchers have developed vancomycin assays for rat plasma using HPLC with UV detection [30] [31] [32] [33] [34] and LC/MS/MS. 35, 36 Similar to others, our HPLC method for quantifying the concentration of VHCl in rat plasma and rat KTH was found to be highly precise and accurate. Greater than 96% of the VHCl was recovered at concentrations between 3 and 75 μg/mL from rat plasma, and between 15 and 75 μg/mL from rat KTH. Thus, the accuracy from our method is similar to that from the methods of others and is done with less samples (i.e., 50 μL). 31, 32, 35, 36 Additionally, our method achieves appropriate intraday and interday assay precision (%RSD 2.11-6.11% and 2.74-5.30%, respectively, for rat plasma immediately and after 24 h and %RSD 0.34-3.72% and 0.35-1.47% for rat KTH interday). Comparatively, our method also has a favorably short run time with sample elution complete by 6 min. 31, 32 Our method utilizes HPLC with UV detection, in contrast with other more expensive methods that utilize LC/MS/MS. 33, [35] [36] [37] Additionally, it is free of complex sample preparation steps (e.g., protein precipitation and extraction using dichloromethane) 35, 38 and procedures, such as column switching. 31 The detection range is adequate for translational study as demonstrated with the application to a rat PK model ( Figure 3) ; plasma concentrations <5 μg/mL are not therapeutic, and AUC is the variable of interest. 3 Another novel aspect of this study is the analysis of vancomycin adsorption to polyurethane catheters. In rat PK studies, one may use single or multiple (e.g., double) catheters. Double catheters or multiple lumen catheters increase study complexity, but bypass most concerns of drug adsorption to the catheter lumen, because concentrations are not elevated within the dedicated lumen (as in the case of dosing the drug through the catheter). Our results suggest that multiple catheters or multiple lumens are required to avoid spurious concentrations in vancomycin PK studies. These findings have also been noted in the clinical care of patients 39, 40 ; hence, translational studies should likewise keep dedicated catheter lumens for drug administration and sampling.
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As with any method, limitations are present. First, calibration curves were linear, precise, and accurate between 3 and 75 μg/mL, but plasma sample concentrations >75 μg/mL will require dilution in blank plasma to bring the sample within the linear range of the assay. However, allometrically scaled doses of vancomycin (such as the dose given in this study, equivalent to 25 mg/kg in a human) 41 commonly fall in this range when doses are given intraperitoneally. Dilution of high concentration samples is limited to a 50% reduction. Using 3 μg/mL as an LLOQ is valid as AUC calculations using concentrations from 3 μg/mL to Ý will exceed 80% of the AUC for the dosing interval. 42 For instance, in the subset of rats that received a single day of vancomycin (n = 5), the average predicted 6-h plasma vancomycin concentration was 5.19 μg/mL with a 6-h AUC of 242 mg*hr/L. The corresponding 24-h AUC was 264 mg*hr/L. Thus, >90% of the 24-h AUC occurred within 6-h at concentrations well above 3 μg/mL. Second, in lieu of quality control samples, 15 a calibration curve was injected every day (using the same nominal concentrations in triplicate) prior to and after the run. Similar to what is reported in the methods, the calibration curve had concentrations that ranged from LLOQ to the high end. All these concentrations fell 15% of their nominal values. Hence, the methods are well suited for research application.
CONCLUSIONS
In conclusion, the described methods were found to be accurate, efficient, and easily applied to translational rat studies. Our method will be useful for future studies of vancomycin PK in rats.
